We evaluated the relationship between prepregnancy and early pregnancy uterine blood flow (UBF) and resistance index (RI). Nineteen nulliparous participants were studied during cycle day 8 þ 4, and early pregnancy (13.4 þ 1.6 weeks). Color Doppler ultrasound of both uterine arteries and maternal heart was performed to calculate uterine RI, volumetric UBF, and cardiac output (CO), respectively. We observed a strong negative association of uterine RI with prepregnancy UBF (r ¼ À.82, P < .001) that weakened, but remained significant in early pregnancy (r ¼À.48, P ¼ .04). Prepregnancy uterine index (UBF/CO) was significantly associated with early pregnancy uterine index; r ¼ .48, P ¼ .04). There was also a trend associating prepregnancy and early pregnancy volumetric UBF (r ¼ .44, P ¼ .068). Prepregnancy UBF may be a determinant of early pregnancy UBF and UBF may have independent value as a predictor of adverse pregnancy outcome.
INTRODUCTION
Maternal physiology during pregnancy undergoes significant changes to accommodate the needs of the fetus. Studies in sheep show a dramatic increase in uterine blood flow (UBF) and cardiac output (CO) during pregnancy as well as a striking redistribution of CO to the uterus. 1, 2 These findings are echoed in more recent studies performed in pregnant women where maternal systemic CO also increases and UBF increases up to 10 times from 50 mL/min in early pregnancy to 500 mL/min in late pregnancy. 3, 4 Additionally, during pregnancy, maternal uteroplacental arteries transition to lower resistance vessels facilitating increased uterine and placental perfusion. [5] [6] [7] [8] [9] Evidence suggests that uterine artery resistance index (RI) may begin to decrease as early as the luteal phase of the menstrual cycle and continues to decrease in the first trimester of pregnancy through the second trimester, slowing during the third trimester. [10] [11] [12] [13] Evidence of increased vascular impedance and reduced UBF in the uterine circulation has been associated with an increased risk for both fetal growth restriction and preeclampsia, particularly early-onset disease. 12, [14] [15] [16] [17] Increasing evidence points to important relationships of either prior preeclampsia or delivery of a growthrestricted infant with later maternal cardiovascular disease outside of pregnancy. 18 These studies support the hypothesis that the finding of either intrauterine growth restriction (IUGR) or preeclampsia during pregnancy reveals latent hemodynamic abnormalities in mothers, which predate pregnancy. Consistent with this theory, we have hypothesized that prepregnancy cardiovascular phenotype may specifically influence the risk of developing preeclampsia and, in particular, preterm disease.
Though many studies have used Doppler ultrasound to evaluate uterine artery velocity waveforms in early and mid-pregnancy with the goal of predicting adverse pregnancy outcome, few have evaluated how prepregnancy UBF and RI inform early pregnancy UBF and RI. 9 Further, distinct information may be gathered when performing waveform analysis versus assessing volumetric blood flow in early pregnancy. We suggest that prepregnancy status may have implications for the maternal accommodation to pregnancy. The central aim of this study was to investigate the value of prepregnancy UBF and RI in predicting early pregnancy UBF and RI.
METHODS
Thirty-four nulligravid women interested in conception were enrolled in this research study through an open advertisement. Women were provided with ovulation detection kits (Quidel Corporation, San Diego, CA) to assist with achieving a successful conception. Thirty women subsequently conceived. Eight participants conceived before baseline prepregnancy studies were performed; 1 participant had a first trimester miscarriage; 1 participant was lost to follow-up; and 1 participant missed her early pregnancy research study visit but returned for study later in pregnancy. The remaining 19 participants, all of whom conceived singleton pregnancies, who had complete prepregnancy and early pregnancy evaluations, comprise the current report. Women were enrolled consecutively over a 33-month period, from May 2004 through February 2007. Study participants were between 18 and 40 years of age, nonsmokers, and free from major medical illness, including cardiovascular disease or diabetes mellitus. Prior to each study visit, participants were provided a 3500-mg sodium-balanced diet for 72 hours. Each participant was asked to abstain from alcohol and caffeine for at least 24 hours before the study and to avoid the use of decongestants and nonsteroidal medications for at least 48 hours before the study. All prepregnancy assessments were performed during the follicular phase. Assessments during pregnancy were performed between 11 and 15 menstrual weeks. Ovulation detection and early pregnancy ultrasound assessments were used to calculate gestational age. The research protocols were approved by the University of Vermont Human Investigational Committees. All women provided written informed consent.
Each periodic assessment was conducted between 8 AM and 10 AM. Participants were admitted to the University of Vermont General Clinical Research Center on the day of the study after an overnight fast. For participants' prepregnancy visit, first-void urine was obtained to confirm nonpregnant state. Following height and weight determination, participants rested in the supine position for the remainder of the study with a minimum of 30 minutes prior to hemodynamic assessment.
Uterine blood flow was assessed using color Doppler ultrasound with an 8.0 MHz transvaginal transducer employing a Vivid 7 General Electric ultrasound unit, (Milwaukee, WI). Uterine artery measurements were obtained lateral to the cervix at the level of the internal os. Vessel diameter was measured between the inner surface of the vessel walls during real-time power color Doppler imaging. Five estimates of vessel diameter were made for each uterine artery. For determination of average mean velocity angle correction was employed and all angles of sono-incidence were less than or equal to 60 degrees. Five velocity measurements were taken of each vessel and average mean velocity was calculated over an observation window of 1 to 3 minutes. Mean vessel diameter was used to calculate volumetric blood flow after integration with average mean velocity to express flow in mL/min: [(time averaged mean velocity) Â cross sectional area (calculated as pr 2 )] Â 60. Right and left uterine artery blood flow calculations were added to obtain total UBF. Cardiac output was determined by Doppler echocardiographic examination. Doppler-derived forward stroke volume (FSV) across the aortic valve was calculated as the product of the left ventricular outflow tract area and the outflow tract velocity time integral as assessed by pulsed Doppler using previously described methods. 19 Five complete spectral envelopes with the largest Doppler shift were recorded and averaged for each patient. The Doppler stroke volume was calculated as the product of the outflow tract area and the velocity time integral. Cardiac output is expressed as mL/min after integration of stroke volume with pulse rate.
Uterine index (UI) was calculated as UBF divided by CO. This measurement was important to determine whether there were global generalized changes in blood flow or a redistribution of systemic blood flow favoring the uterine vascular bed during pregnancy.
Pregnancy outcome was assessed by chart review and is reported as a function of prepregnancy and early pregnancy observations.
Data Analysis
Comparisons between prepregnancy and early pregnancy hemodynamic measures were performed using paired t-tests. Pearson's correlation coefficients were used to examine the relationship between UBF, RI, UI, and CO both prior to pregnancy and during early pregnancy. Partial correlation coefficients were used to examine the relationship between prepregnancy measures and those assessed on the same women during early pregnancy. Hemodynamic measures were compared between women who developed preeclampsia and those that did not based on 2 sample t-test for the prepregnancy assessment. Because hemodynamic measures can vary depending on gestational age, pregnancy day was adjusted for and analyses of covariance were used to assess hemodynamic measurement comparisons for early pregnancy. All statistical analyses were performed using SAS Version 9.1 statistical software (SAS Institute, Cary, NC).
RESULTS

Participant Characteristics
All pregnancies were singletons, and the majority of the participants were Caucasian, 89% (17/19) . Clinical and demographic characteristics are presented in Table 1 .
Uterine blood flow, RI, UI, and CO
Early pregnancy UBF, CO, and UI were all significantly increased relative to prepregnancy, while RI was significantly decreased relative to early pregnancy ( Table 2) . Prepregnancy UBF and RI were highly correlated and negatively associated (r ¼ -.82, P < .001; Figure 1A ). Early pregnancy UBF and RI were also significantly correlated, but exhibited a weaker negative association (r ¼ À.48, P ¼ .03; Figure 1B ). After adjusting for influence of pregnancy day, there was a significant positive correlation between prepregnancy UI and early pregnancy UI (partial r ¼ .48, P ¼ .04; Figure 2 ). A similar relationship was observed between prepregnancy and early pregnancy UBF, though it did not achieve statistical significance (partial r ¼ .44, P ¼ .067). Prepregnancy and early pregnancy RI were not significantly correlated (r ¼ .09, P ¼ .72). Prepregnancy and early pregnancy CO were strongly correlated (r ¼ .72, P < .001), however, CO was not significantly associated with UBF or RI either prepregnancy or in early pregnancy.
Pregnancy Outcome
Mean birth weight for the 19 pregnancies was 3402 + 593 g. Mean birth weight percentile was 48th + 28 ranging from the 1st to 95th. Mean gestational age was 39.4 + 1.4 weeks. There were 2 women who developed preeclampsia. One participant developed preeclampsia at 34 weeks and delivered a growth-restricted newborn at 37 weeks. The second woman developed preeclampsia at 40 weeks and delivered a newborn with a birth weight at the 30th percentile. We compared hemodynamic measures of the 2 women who developed preeclampsia to the remaining 17 women who did not. There were no significant differences between groups prior to pregnancy in maternal age, body mass index, or mean arterial pressure. Prior to pregnancy, CO and UBF tended to be lower in those who developed preeclampsia, but these differences were not significantly different (CO: nonpreeclamptic: 4740 + 860 mL/min, preeclamptic: 3560 + 660 mL/ min; P ¼ .08; UBF: nonpreeclamptic: 22.2 + 8.2 mL/ min, preeclamptic: 12 + 5.5 mL/min; P ¼ .14). In addition, there were no significant differences between the 2 groups in RI or UI prepregnancy or during early pregnancy. In early pregnancy, UBF was not significantly different (nonpreeclamptics: 224.3 + 98.8 mL/min, preeclamptics: 165.2 + 34.5 mL/min; P ¼ .14), however, maternal CO was significantly lower in the 2 women who went on to develop preeclampsia (CO: 5400 + 960 mL/ min, preeclamptic 3690 + 210 mL/min; P ¼ .02).
DISCUSSION
Historically, most studies have investigated the relationship between early-or mid-pregnancy uterine artery hemodynamics and pregnancy outcome. [13] [14] [15] [20] [21] [22] Although elevated uterine artery RI and uterine waveform notching during pregnancy have been associated with low birth weight and preeclampsia, neither prepregnancy RI nor UBF have been routinely assessed as predictors of either early pregnancy observations or pregnancy outcome. Observations now demonstrate that women who have had IUGR and preeclampsia are at increased risk for cardiovascular disease later in life. 18, [23] [24] [25] These observations raise the question that there is a preexisting deficiency in vascular function that may contribute to pregnancy-specific events and later, cardiovascular disease. In this regard, we hypothesized that uterine physiology and hemodynamics prior to pregnancy would be an important determinant of early pregnancy uterine physiology. Because of the importance of UBF in pregnancy disease, we were interested in how UBF and UI, the relationship of UBF to CO, change between observations made prior to pregnancy and in early pregnancy. Furthermore, we were interested in how prepregnancy uterine artery RI and volumetric flow inform similar measures in early pregnancy.
We found that UBF increased 10-fold from prepregnancy to early pregnancy, supporting prior observations of large physiological accommodations made by the body quite early in pregnancy. In support of this, UI also increased approximately 10-fold between prepregnancy and early pregnancy indicating that the percentage of blood directed to the uterus increases greatly in early pregnancy. Though few studies have evaluated UI during pregnancy, existing research suggests that the proportion of CO perfusing the uterine arteries is 3.5% in early pregnancy, a value that is consistent with our assessment of UI during pregnancy. 9 Of particular interest are our observations that indicate that prepregnancy UI is significantly correlated with early pregnancy UI suggesting that prepregnancy UI predicts early pregnancy UI and accounts for approximately 25% of the variance observed.
We aimed to discern the relationship between prepregnancy and early pregnancy RI. We found that RI decreases significantly from prepregnancy to early pregnancy. This finding is consistent with the literature as RI is known to decrease linearly beginning in the luteal phase of the menstrual cycle and continue to decrease throughout pregnancy. We did not observe a correlation between prepregnancy and early pregnancy RI. Not Figure 1 . A, Mean prepregnancy resistance index (RI) is negatively and significantly correlated to total prepregnancy uterine blood flow (r ¼ À.82, P < .001) and (B) mean early pregnancy RI is negatively and significantly correlated with total early pregnancy uterine blood flow though this association in early pregnancy is less than in prepregnancy (r ¼ -.48, P ¼ .03). surprisingly, prepregnancy UBF was significantly and negatively associated with prepregnancy RI, however, the strength of this association lessened during early pregnancy. The weakened association of UBF and RI in early pregnancy suggests that during early pregnancy, there may be other factors that contribute to increased UBF outside of decreased vascular impedance. Further, the apparent change in the strength of the association between UBF and RI raises the provocative question of whether UBF might have exclusive and separate value in predicting important pregnancy hemodynamic status and, by proxy, adverse pregnancy outcome. This theory is supported by our UI data showing that UI is significantly correlated between prepregnancy and early pregnancy. Most studies use uterine artery waveform indices as a measure of UBF rather than evaluating volumetric blood flow rates. Our observations suggest that volumetric analysis of UBF may have an independent contribution as compared to analysis of uterine artery waveforms.
Inadequate uterine perfusion has been suggested as a contributing factor to IUGR. 26, 27 In women, although studies investigating volumetric UBF and pregnancy outcome are lacking, studies show that an elevated RI can suggest an increased risk for preeclampsia and IUGR. 14, 15, 21, 28, 29 More recent research suggests that Doppler indices obtained within the first trimester may have value in predicting pregnancy outcome. 15, 30 Though our study was originally not intended to evaluate hemodynamic status in preeclamptics, it is interesting to note that of those who progressed to clinical disease, there were no differences in RI between women who developed term preeclampsia and those with normal outcome. Further, our preliminary findings indicate a tendency for lower prepregnancy CO in the preeclamptic subgroup and a significantly lower CO within this group during early pregnancy as compared to the women who did not develop preeclampsia. This observation is consistent with studies suggesting that women who develop preeclampsia have lower CO than those with normal pregnancies. 31, 32 However, we recognize that due to very small sample size, our observations within the preeclamptic subgroup are not conclusive, rather, hypothesis-generating, and may suggest an existing maternal phenotype that may predispose women to preeclampsia.
We have not been able to identify prior publications investigating the relationship between prepregnancy volumetric UBF and RI and early pregnancy UBF and RI within individual women. This study has demonstrated a negative correlation between UBF and RI as assessed by Doppler ultrasound both prior to pregnancy and in early pregnancy. Further, we suggest that volumetric UBF analysis may have predictive value in assessing maternal hemodynamics that is independent of RI, particularly in early pregnancy.
As increasing evidence points to maternal preexisting vascular risk that materializes under conditions of vascular stress, such as pregnancy, we suggest that studying maternal physiology prior to and during early pregnancy may provide insights into the pathophysiologic sequences associated with the development of both preeclampsia and fetal growth restriction that are not recognized when evaluating hemodynamics exclusively during pregnancy.
